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ABSTRACT: We report the hydrogen evolution reaction (HER) with 175 ; ; ; 036
molybdenum diselenide (MoSe,) and its reduced graphene oxide (rGO) & A 5
: . . . 8 150+ 10.32 2
hybrids synthesized by a microwave process followed by annealing at 400 2 E
°C. The content of GO was varied to understand its role in the % 125- L0.28 %
electrocatalytic activities. Electrochemical performance of the as-synthe- & s
sized and the annealed catalysts underscores (i) a requirement of catalytic 3?_, 100- * -, r0.24 3
activation of the as-synthesized samples, (ii) an apparent shift in the onset + . %
potential as a result of annealing, and (iii) striking changes in the Tafel 757 = 020 g
slope as well as the overpotential. The results clearly reveal that partially 50 : : : 046
crystalline plain MoSe, is more elctroactive in comparison to its annealed W o WO °C
counterpart, whereas annealing is advantageous to MoSe,/rGO. Improved \‘\0561‘ “\oe,enr o7
HER performances of the annealed MoSe,/rGO hydrids arise from the W

synergistic effect between active MoSe, and rGO of improved conductivity.

The annealed hybrid of MoSe, with rGO designated as MoSe,/

rGO100_400 °C demonstrated an excellent HER activity with a small onset potential of —46 mV vs reversible hydrogen
electrode, a smaller Tafel slope (61 mV/dec), and a reduced overpotential of 186 mV at —10 mA/cm® As a result of a
convenient synthetic process and the suitable electrocatalytic performance, this study would be beneficial to designing and
fabricating other nanomaterials with/without a conductive support for their versatile applications.

KEYWORDS: microwave, MoSe,, reduced graphene oxide, annealing, electrocatalytic hydrogen evolution

H INTRODUCTION Mo,C'®" have generated much research interest. Among them
from theoretical”® and experimental®' perspectives, reports on

Increase in global energy demand and concern over environ-
& & 2D transition metal dichalcogenides (TMDCs) are predom-

mental sustainability for a better future have generated : . . 1
awareness for innovation under the hydrogen economy inant, and they exhibit excellent HER activity in the acidic

paradigm."” Hydrogen, a zero emission clean energy carrier, media. For example, MoS, der'nlonigrlastes high electrolcatalytic
can be produced by both photocatalysis® and (photo)- perfOfmance and_gooc? dyrabﬂlty. 7" Both thec?rfetlcal and
electrocatalysis.”® Water electrocatalysis is one of the most experimental studies highlight that the'HER. act1v1ty. of the
promising processes to produce hydrogen, and its efficiency TMDCS depends closely on the active sites, whlczlg are
significantly depends on the catalysts used for the hydrogen essentially located at the edges as welllg as Zﬁhe defects,” and
evolution reaction (HER).”™"" The criterion that dominates to the basal plane is catalytically inert. ™™ However, their
determine the effectiveness of the catalysts is the requirement applications are restricted by layer stacking and agglomeration,

of low overpotential at high current density.'” The Gibbs free ie, reduction of catalytic sites, low conductivity ,among the
energy of an optimal HER catalyst should approximately be TMDC layers bonded by the van der Waals force,” and %oor
zero (e.g., AG = 0) for the adsorbed hydrogen on the catalyst charge transport between current collector and TMDCs.
sites, and as a result, platinum (Pt) and its alloys are considered response to these deficiencies to improve the HER perform-
as the best catalysts.g’13 However, high cost and scarcity of Pt ance, several synthesis protocols such as hydrothermal/
limit the wider applications for water electrocatalysis. As a
result, the development of the potential catalysts from various Received: February 7, 2018
earth abundant transitional metals'* and their dichalcogenides, Accepted: April 18, 2018
phosphide, carbide such as MoSZ,B’15 MoSe2,9’16 CoP,'” and Published: April 18, 2018
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Figure 1. Schematic illustration of the preparation of various catalysts and the electrocatalysis.

solvothermal,”*® chemical vapor deposition,”” and electro-
deposition”®*” have been reported for various TMDCs.
Moreover, improved charge transport and exposure of more
catalytic sites in dichalcogenides are mostly realized by the
preservation of the nanostructure,” the doping,’’ and the
incorporation of various conductive supports such as
graphene””>** and carbon nanotubes.’* HER studies using
doped structures (MoS,, MoSe,),”"*> WS,/ graphene,36 MoS,/
graphene,37 MoS,/carbon nanotubes,*® MoSez/graphene,g
MoSe,/carbon fiber,” and MoSe,/cotton*’ have been
reported. It is interesting to observe that among the wide
range reports on TMDC electrocatalysts, there have been a few
studies on both MoSe, and its graphene nanohybrids unlike
MoS, and its graphene hybrids for HER. MoSe,, which
possesses relatively higher conductivity and narrower bandgap
than those of MoS,, is considered as a superior electro-
catalyst.”*" Li et al."" and Ekspong et al.** suggested that low
crystalline quality of molybdenum sulfide is likely to be superior
toward achieving low Tafel slopes. Utilizing plasma-enhanced
chemical vapor deposition (PECVD), Mao et al. fabricated
perpendicularly oriented MoSe, nanosheets over 3D §raphene
network, which exhibited an outstanding HER activity.”’ Yang’s
group designed MoSe,/graphene hybrid using the hydro-
thermal method, and it showed improved HER performance.’
Moreover, computational study validated the requirement of
lower Gibbs free energy on the selenided Mo edges of
MoSe,.”*”** Therefore, interest lies in understanding exper-
imental conditions to enhance the catalytic activities of MoSe,.
To the best of our knowledge, catalytic activation and
engineering of a simple microwave process assisted synthesis
of MoSe, and its reduced graphene oxide (rGO) hybrids via the
transformation of composition, crystallinity, and conductivity
which is yet to be reported to discern efficient hydrogen
evolution reaction.

Herein, we utilized a one-pot microwave process to
synthesize MoSe, and its hybrids with rGO. The impact of
annealing of the as-synthesized samples was realized from a
comparative study on electrocatalytic hydrogen evolution. The
overall process is illustrated in Figure 1. Although this
microwave process consisted of a very short span of time,
distinct few layered MoSe, can easily be incorporated with
rGO. With the help of various characterizations, the HER study
revealed that (i) as-synthesized partially crystalline MoSe,
transformed into an actual HER catalyst, (ii) the incorporation
of rGO with MoSe, in the hybrids influenced the HER activity,
and (iii) electrocatalytic performance significantly changed
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owing to annealing of the as-synthesized samples. It was
observed that annealed MoSe, with rGO demonstrated smaller
Tafel slopes and reduced overpotentials in comparison to their
as-synthesized counterparts. However, annealing negatively
impacted the performance of plain MoSe,. The results
indicated that the simple microwave process could be used to
fabricate various electroactive materials, and the comparative
analysis of the HER performance would be supportive to realize
for other electrocatalytic studies.

B EXPERIMENTAL DETAILS

Materials. The following chemicals were purchased from Sigma-
Aldrich: sodium molybdate dihydrate (Na,MoO,2H,0, >99.5%),
selenium (Se, 99.999%, mesh —100), hydrazine monohydrate (N,H,:
H,0, 64—65%, reagent grade 98%), sodium nitrate (NaNO;, >99%),
sulfuric acid (H,SO, 95—98%), potassium permanganate (KMnO,,
>99%), hydrogen peroxide (H,0,, 30 wt % in water), hydrochloric
acid (HCl, 37%), and nafion 117 solution. Graphite powder (99.9%),
commercial 20 wt % platinum on carbon (Pt/C), and ethanol
(absolute, anhydrous) were obtained from Alfa-Aesar, Fuel Cell Store,
and Pharmco-Aaper, respectively. The above chemicals were used
without further purification.

Synthesis of MoSe, and Its Reduced Graphene Oxide
Hybrids. MoSe, and its rGO hybrids were synthesized using a
microwave hydrothermal process followed by annealing under argon
gas flow. First, graphene oxide (GO) was prepared via the modified
Hummers method.™* In a typical synthesis for MoSe,/rGO hybrid,
100 mg of GO was dispersed in 18 mL of DI water, and 1 mmol of
Na,MoO,2H,0 was dissolved in it under magnetic stirring for 30
min. 2 mmol of Se powder was dissolved in 9 mL of N,H,H,0O
solution in a separate flask at room temperature. Then, it was mixed
with the solution of Na,MoO,2H,0 and GO. The mixture was
transferred to a 45 mL Teflon-lined microwave reactor (Model 4782,
Parr Instrument) and properly tightened. The reactor was placed
under the microwave irradiation (Panasonic NN-SD972S 1250 W
microwave) at 375 W for 3 min and 30 s and allowed to cool to room
temperature after irradiation. Synthesized material was thoroughly
washed and collected by performing vacuum filtration with DI water
and methanol. The collected material was vacuum-dried at 70 °C
overnight, and a fraction of the vacuum-dried sample was annealed at
400 °C for 3 h under argon gas flow to obtain the final products. Red
selenium was found to deposit along the wall of the quartz tube in the
downstream of the gas flow during annealing. The as-synthesized
sample and its corresponding annealed product are designated as
MoSe,/rGO100 and MoSe,/rGO100_400 °C, respectively. To
understand the impact of the introduction of GO and annealing,
MoSe,/rGOS0 and MoSe,/rGOS0_400 °C were also prepared using
50 mg of GO, while other process parameters were kept unchanged.
Furthermore, as-synthesized MoSe, was also synthesized without the
addition of GO under the same microwave process, and its annealed
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Figure 2. (a) XRD patterns of graphene oxide, MoSe,/rGO100, and MoSe,/rGO100_400 °C. TEM images of (b) graphene oxide, (c) MoSe,/

rGO100, and (d) MoSe,/rGO100_ 400 °C.

component is denoted as MoSe, 400 °C. Note: N,H,H,0 and Se
should be handled very carefully.

Materials Characterization. Transmission electron microscope
(TEM) images were obtained using the H-7650 (Hitachi High-
Technologies Corp., 80 kV) and the JEOL 2010 (200 kV). A Rigaku
Miniflex-1I diffractometer with Cu Ka radiation (1 = 1.5406 A) at 30
kV and 15 mA was used to perform X-ray diffraction (XRD). Raman
spectra were collected using a Reinshaw 2000 Raman microscope with
632.8 nm (1.96 eV) laser excitation. X-ray photoelectron spectroscopy
(XPS) analysis was conducted with a Thermo Fisher ESCALAB 250Xi
using the Al Ka X-ray source (1486.6 eV). The XPS spectra were
calibrated against the adventitious carbon (C 1s) peak at 284.80 eV.
Fourier transformed infrared (FTIR) spectra were collected using the
PerkinElmer Frontier FTIR/NIR spectrometer.

Electrochemical Measurements. A typical working electrode
preparation procedure is as follows. 5 mg of each sample (MoSe,,
MoSe, 400 °C, MoSe,/rGOS0, MoSe,/rGOS0_400 °C, MoSe,/
rGO100, MoSe,/rGO100_400 °C, and Pt/C) was dispersed in 1 mL
of ethanol—nafion solution (950 uL of absolute ethanol:50 uL of
nafion solution) and ultrasonicated for 30 min to prepare a
homogeneous ink. A rotating disc glassy carbon electrode was
polished using an alumina suspension (0.05 yum, Allied High Tech
Products) for 30 min. Then, it was cleaned with DI water under
ultrasonication and dried under air flow. 10 uL of catalyst ink was
drop-casted on the glassy carbon electrode (area = 0.196 cm?),
resulting in a mass loading of ~0.253 mg/cm? and the catalyst ink
incorporated electrode was air-dried prior to electrochemical measure-
ments.

All electrochemical measurements for the hydrogen evolution
reaction were performed under a typical three-electrode cell setup:
electrocatalyst incorporated rotating disk glassy carbon electrode as
the working electrode, Ag/AgCl (4 M KCl) as the reference electrode,
and Pt coil as the counter electrode using a CHI 760C electrochemical
workstation. 0.5 M H,SO, was used as the electrolyte. The three-
electrode potentials were converted into the reversible hydrogen
electrode (RHE) potential utilizing the Nernst equation: Epyp =
Epg/agct + 0.059pH + EOAg/AgCI} while the reference electrode was
calibrated with hydrogen gas saturated 0.5 M H,SO,, (Figure S1). The
rotational speed of the rotating disk glassy carbon electrode was
maintained at 1000 rpm for all measurements. Linear sweep
voltammetric (LSV) polarization curves were generated at S mV/s.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out from 10° to 0.1 Hz at an overpotential of 205 mV and §
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mV of ac amplitude after catalytic activation. Electrocatalytic activities
were analyzed with and without iR compensation. To evaluate stability,
time-dependent current density (j—t) profiles were examined at a
constant overpotential of 245 mV for 4000 s.

B RESULTS AND DISCUSSION

Morphology and Surface Analyses. First, the prepared
samples were characterized using XRD to inspect crystallinity.
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Figure 3. Raman spectra of MoSe,/rGO100 and MoSe,/rGO100_400
°C with illustration of atomic vibration of Ay, (left) and E;l_g (right) as
inserted.

Figure 2a presents the XRD patterns of GO, MoSe,/rGO100,
and MoSe,/rGO100_400 °C. GO showed its characteristic
peak at 20 = 10.59°, which corresponds to (002) plane.” It is
noteworthy that hydrazine also works as a reducing agent
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Figure 4. XPS spectra of (a) Mo 3d, (c) Se 3d, and (e) C 1s in MoSe,/rGO100 (first row). Corresponding XPS spectra of (b) Mo 3d, (d) Se 3d,

and (f) C Is in MoSe,/rGO100_400 °C presented in the second row.
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Figure S. Polarization curves of the as-synthesized MoSe,, MoSe,/
rGOS0, and MoSe,/rGO100 during their first scan generated in 0.5 M
H,SO, at S mV/s.

during the microwave process.*”** The above peak of GO was
not noticed in the as-synthesized and the annealed hybrids
indicating reduction of GO to rGO. The XRD peak of rGO was
not clearly distinguished in the presence of MoSe,.** The XRD
pattern of MoSe,/rGO100 demonstrated partial crystallinity of
MoSe,, which could be due to the shorter reaction period and
relatively low temperature under the microwave process. As a
result of annealing, MoSe, became crystalline and distinct
indexed peaks indicated the formation of hexagonal MoSe,
(JCPDS card no. 87-2419).*** Corresponding XRD patterns
of MoSe,/rGOS0 and its annealed counterpart are presented in
Figure S2a, whereas Figure S2b shows the XRD patterns of
MoSe, and MoSe, 400 °C. Similar transformation from a
partial crystalline phase to 2H crystalline phase of MoSe, was
observed in both Figure S2a and Figure S2b. Figure 2b shows
the TEM image of thin layered GO prepared by the modified
Hummers method.”* TEM images of MoSe,/rGO100 (Figure
2c and Figure S3a) reveal that microwave process resulted in
the growth of probable amorphous and few layers of disorderly
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distributed partially crystalline MoSe, on rGO. Annealing of
MoSe,/rGO100 induced crystallinity, and MoSe, layers were
found significantly organized on rGO without noticeable
agglomeration as shown in Figure 2d and Figure S3b. An
interlayer spacing of ~0.65 nm corresponds to (002) plane of
hexagonal MoSe, in MoSe,/rGO100_400 °C. TEM images of
MoSe,/rGOS0 and MoSe,/rGOS50 400 °C are presented in
Figures S3c and S3d, respectively, and they demonstrate
reduced agglomeration as well although MoSe, content with
rGO was expected to be higher. However, in the absence ofGO,
a relatively larger size distribution of as-synthesized MoSe, was
observed (Figure S3e). Moreover, annealing of plain MoSe,
was likely to cause agglomeration, and a relevant image is
presented in Figure S3f. As a result, introduction of GO not
only is beneficial in controlling the growth of MoSe, but also
significantly prevents the agglomeration of MoSe, layers during
annealing. Such morphological changes of MoSe, associated
with/without rGO in both as-synthesized and annealed samples
are expected to demonstrate varied electrocatalytic activities.
Structural properties were further investigated using the
Raman spectroscopy. Representative Raman spectra of MoSe,/
rGO100 and MoSe,/rGO100_400 °C are presented in Figure
3. A wide asymmetric peak was detected at 252.88 cm™’,
indicating the Se—Se stretching vibration mode of weakly
packed polymer chains of amorphous Se (a-Se).'***%%%! A
shoulder at ~235.34 cm™" with low intensity may correspond
to thermodynamically stable trigonal Se*”*" and/or A;; Raman
mode (out-of-plane vibration of Se atoms) of partially
crystalline MoSe,,”> whereas another relatively high energy
shoulder at 263.82 cm™ was assigned to the intra-ring bond
stretching vibration of Seg.” ! Eig mode (in-plane vibration of
Mo and Se atoms) of MoSe, was not clearly visible in the
Raman spectrum of MoSe,/rGO100. However, marked
changes were observed in the Raman spectrum of MoSe,/
rGO100 400 °C. The obvious vibrational band of loosely
packed polymer chains of Se was absent. Rather, MoSe, in the
annealed hybrid exhibited distinct A, (at 238.83 cm™) and Eig
(at 286.50 cm™') Raman-active modes.””” Although the A,
mode of MoSe, in the annealed hybrid was red-shifted in
comparison to the reported value of bulk MoSe,,*” its blue-shift
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Figure 6. Polarization curves of (a) the as-synthesized and (b) annealed catalysts generated in 0.5 M H,SO, at S mV/s. Corresponding Tafel plots of
the as-synthesized and annealed samples presented in (c) and (d), respectively. iR corrected outcomes represented by dashed lines.

Table 1. Overall HER Properties of the As-Synthesized and
Their Corresponding Annealed Counterparts Measured in
0.5 M H,S0,

iR corrected results

overpotential (mV) at  Tafel slope charge transfer
electrocatalyst j =10 mA/cm (mV/dec) resistance ()
MoSe, 246 86 115
MoSe, 400 °C 328 102 1914
MoSe,/rGOS0 268 80 166
MoSe,/ 230 71 68
rGOS0_
400 °C
MoSe,/ 342 157 788
rGO100
MoSe,/ 186 61 25
rGO100_
400 °C

with respect to that of MoSe,/rGO100 suggested a relative
increase of interlayer interaction due to improved crystal-
linity.>>>* On the other hand, the approximate intensity ratio of
Ay, to Eig is ~10:1, comparable to that of an edge-terminated

MoSe, grown on Si nanowire (13:1).°° It suggests that MoSe,
in MoSe,/rGO100_400 °C retained significantly high number
of active sites although annealing might reduce the catalytic
edge sites to some extent.’” Therefore, it could be conferred
that rGO in the hybrid noticeably restricted agglomeration of
MoSe,. Moreover, rGO in both MoSe,/rGO100 and MoSe,/
rGO100 400 °C demonstrated the D and G bands at ~1335
and ~1596 cm™’, respectively. The G band arises from the
vibration of the spz-hybridized carbon, and the D band is
associated with structural imperfection and defects. The I,/I;
value of the annealed hybrid (1.23) was found to be greater
than that of MoSe,/rGO100 (1.08), signifying the presence of
hig}gggg degree of structural defects in MoSe,/rGO100_400
°C.””

XPS analyses were conducted to investigate the composition
and elemental valence states in MoSe, with its rGO hydrids.
Survey spectra of MoSe,/rGO100, MoSe,/rGO100_400 °C,
MoSe,/rGOS0, and MoSe,/rGOS0 400 °C are shown in
Figure S4a—d, suggesting the coexistence Mo, Se, C, and O.
Deconvoluted XPS spectra of Mo, Se, and C of MoSe,/
rGO100 and MoSe,/rGO100_400 °C are presented in Figure
4a—f. Two peaks located at 229 eV (Mo 3d;/,) and 232.10 eV
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Figure 7. Stability (j—t) test of MoSe,/rGO100_400 °C at 57 = 245 mV and Pt/C at # = 42 mV with an enlarged view of MoSe,/rGO100_400 °C
demonstrating continuous hydrogen bubble accumulation and release in 0.5 M H,SO,.
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(Mo 3d,),) in Figure 4a confirmed Mo*" state of molybdenum
in the as-synthesized hybrid. In general, Mo 3d;,, of Mo®" state
in molybdates, MoO;, and MoSe,; are observed from 232 to
233.30 eV.'**7°" The doublet for Mo 3d;), (at 232.50 V)
and Mo 3d,, (at 235.80 eV) were related to the Mo®* state. On
the other hand, Figure 4b shows a relative increase in intensities
for Mo** and a decrease for Mo® in MoSe,/rGO100_400 °C.
Mo®" and Mo* state demonstrated similar changes in MoSe,/
rGOSO (Figure S5a) and MoSe,/rGOS0_400 °C (Figure SSb).
The Se 3d peak of Se’ is usually observed between 54.9 and
56.3 eV, whereas it is detected at a relatively lower binding
energy in the case of Se2~.'%%%% The doublet at 54.50 and 55.2
eV corresponding to Se 3ds, and Se 3d;, (Figure 4c),
respectively, confirmed the presence of Se*”. The other doublet
at higher energies indicated Se’. The deconvoluted peaks of Se
in MoSe,/rGO100_400 °C (Figure 4d) demonstrated an
increase in the intensities for Se>” and a reduction for Se’,
which were comparable to the observations of oxidation states
of Mo in Figure 4b. The conversion of Mo®" in the presence of
excess Se” into MoSe, could have occurred, and some selenium
evaporated due to the elevated temperature annealing. The
Mo:Se ratio changed from 4.34 to 2.36 as a result of annealing
of MoSe,/rGO100. An analogous modification was also
observed from a relative broadening of the Se 3d spectrum in
MoSe,/rGOSO0 (Figure SSc) to its shift to the lower binding
energy in MoSe,/rGOS0_400 °C (Figure S5d). XPS analysis of
the C 1s peak in MoSe,/rGO100 showed that hydrazine
assisted microwave process was beneficial to convert GO into
rGO (Figure 4e).”* However, rGO was further reduced as a
result of annealing indicated by the smaller intensities of
oxygenated functional groups as shown in Figure 4f. The C 1s
spectrum of MoSe,/rGOS0 was also found to change
accordingly as a result of annealing (Figure SSe,f). The minor
C—N peak ~285.95 eV in the annealed hybrids of MoSe, with
rGO could be due to the presence of decomposed products of
hydrazine that might have existed within the as-synthesized
samples (Figure S6a—d).c>%

Moreover, FTIR spectroscopic analyses of GO, MoSe,/
rGO100, and MoSe,/rGO100_400 °C as shown in Figure S7
confirmed the formation of GO and supported the observations
of an incremental reduction of oxygenated functional groups by
the microwave process and the subsequent annealing under
argon gas flow. Therefore, an improvement in the electro-
catalytic performance can be expected for the annealed hybrids
of MoSe, with rGO.

Electrochemical Performance of the Catalysts. The
HER activities were investigated with 0.5 M H,SO, under a
three-electrode cell. A desired HER catalyst should exhibit a
high current density at a low overpotential.'>” As part of
electrocatalytic evaluation, polarization curves obtained during
the first scan for the as-synthesized samples are presented in
Figure S. A reduction peak was observed at about —183 mV vs
RHE, and current density subsequently increased due to
hydrogen evolution at further negative potentials. This
particular cathodic peak was associated with the formation of
H,Se in the acidic media via the reaction: Se” + 2H* + 2e”~
H,Se.”~"° Unreacted amorphous Se was likely to transform to
H,Se during the first cathodic scan at lower overpotential as
observed in Raman (Figure 3) and the XPS spectra (Figure 4c
and Figure S5¢). Therefore, the cathodic current density during
the first polarization involved the generation of both H,Se and
H, gases. Catalytic properties of as-synthesized samples can
only be realized, when polarization curves reflect solely
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electrocatalytic hydrogen generation. Interestingly, the cathodic
peak associated with H,Se formation was not detected in the
subsequent scans, indicating an irreversible conversion of the
deposited as-synthesized film into an actual HER catalyst
during the first polarization, and a similar observation was also
addressed for electrodeposited amorphous MoS,.**”"”> There-
fore, the second polarization curve as shown in Figure 6a was
considered to examine the HER activity of the as-synthesized
catalysts. However, such a reductive peak was not observed
during the LSV polarization of the corresponding annealed
catalysts, and the respective polarization curves are presented in
Figure 6b.

One of the criteria of interest in order to examine the HER
activity of the electrocatalysts is the onset potential defined as
the potential, where first electrocatalytic hydrogen evolution
occurs.'”**  As-synthesized MoSe, and its rGO hybrids
exhibited a low onset potential with a value of about —44
mV vs RHE (Figure S8a). On the other hand, their annealed
counterparts demonstrated a dramatic change in the onset
potential as presented in Figure S8b. MoSe,/rGO100_400 °C
showed its onset potential at —46 mV vs RHE, which was close
to that of MoSe,/rGO100. With the reduction of GO content,
the elevated temperature annealing drove further negative shift
in the onset potential of MoSe,/rGOS0_400 °C (=79 mV vs
RHE) and MoSe, 400 °C (—130 mV vs RHE). Therefore, it
can be inferred that changes associated with the onset potential
were due to both the active sites and the conductive nature of
rGO. Plin rGO demonstrates negligible HER activity.””
Realistic assessment of the electrocatalytic process is often
performed with a correction associated with the Ohmic loss
throughout the system. Therefore, iR corrected polarization
curves are also presented in Figure 6a,b. A comparative analysis
on the requirement of overpotential to produce a cathodic
current density of 10 mA/cm” (Figure 6a,b and Figure S9a—c)
revealed the benefit of annealing of MoSe, with rGO, whereas
it was counterproductive for as-synthesized MoSe,. MoSe,/
rGO100_400 °C displayed a remarkably improved over-
potential of 195 mV for —10 mA/cm? which was 154 mV
less than that of MoSe,/rGO100. As a result of iR correction,
overpotential requirement is reduced to 186 mV for MoSe,/
rGO100 400 °C. Similarly, MoSe,/rGOS0_400 °C with an
overpotential of 230 mV (241 mV for without iR correction)
exhibited its superior catalytic activity over MoSe,/rGO50. On
the contrary, the as-synthesized MoSe, showed a smaller
requirement of overpotential requirement at —10 mA/cm? in
comparison to that of MoSe, 400 °C. Kong et al
demonstrated for the edge-terminated MoS, that the elevated
temperature annealing led to the reduction of the number of
active sites and consequently reduced HER activity, although
crystallinity was improved.”” It essentially affirmed that the
number of active sites in plain MoSe, dominated over the
crystallinity for the improvement of the HER performance.
Therefore, the incorporation of MoSe, with highly conductive
rGO could be beneficial to enhance the HER activities, which
were apparent from TEM image, Raman, and XPS analyses
described earlier. Since active sites are mostly located at the
edge planes and defects, such improved electrocatalytic
activities of the annealed hybrids of MoSe, and rGO could
be credited to the presence of numerous active sites within the
few layered MoSe, and a facilitated charge transport process as
a result of the direct contact between the catalyst and the highly
conductive rGO. Furthermore, the intersection point at about
—32 mA/cm? (with/without iR correction) in Figure 6b
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suggested that MoSe,/rGO100_400 °C should serve better for
the devices with a low cathodic current density (<1-32 mA/
cm?); whereas, MoSe,/rGO50_400 °C would be beneficial for
the high cathodic current density (>1—32 mA/cm?) devices."”
Such alteration in the polarization curves was likely to be
associated with the mass transport.”*

Tafel plots were generated to examine the reaction pathway
of hydrogen evolution for the catalysts. Tafel plots of the as-
synthesized samples and their corresponding annealed counter-
parts are presented in Figures 6¢ and 6d, respectively.
Generally, the linear region of a Tafel plot is fit with the
Tafel equation 17 = b logljl + a; 1, b, and j are overpotential,
Tafel slope, and current density, respectively. Lower value in
the Tafel slope is desired, and its value implies the additional
voltage required to boost the current density by an order of
magnitude.'” Three possible reaction mechanisms for the
hydrogen evolution reaction in an acidic media have been
proposed:*>”*

(A) Volmer reaction: H;O* + e~ — H,4, + H,O [discharge

Z3RT % 120 mV
aF

B. Heyrovsky reaction: H;O" + H,, + e — H, + H,O

23RT
Grar 40 mV

(C) Tafel reaction: 2H,y, — H, [recombination step];
p = 23RT

2F
R = molar gas constant, F = Faraday constant, and «
symmetry coefficient (~0.5).

The HER activities follow either Volmer—Tafel or Volmer—
Heyrovsky reaction pathway. Pt/C with a small Tafel slope of
26 mV/dec was expected to follow the Volmer—Tafel
mechanism, where the Tafel reaction was the rate-limiting
step at low overpotential.”> Relatively higher Tafel slopes for
the as-synthesized catalysts, i.e., MoSe,(86 mV/dec), MoSe,/
rGOS0 (80 mV/dec), and MoSe,/rGO100 (157 mV/dec),
were indicative of slower electron transport.”* In the absence of
iR correction, the respective Tafel slopes were relatively greater.
However, MoSe,/rGO100_400 °C, in particular, demonstrated
an outstandingly smaller Tafel slope of 61 mV/dec (66 mV/dec
for without iR correction) in comparison to that of MoSe,/
rGO100, and hydrogen evolution might proceed via the
Volmer—Heyrovsky pathway.”® MoSe,/rGO50_400 °C sim-
ilarly demonstrated a smaller Tafel slope of 71 mV/dec (77
mV/dec for without iR correction). On the contrary, annealing
and absence of rGO led to an inferior performance of
MoSe, 400 °C in comparison to as-synthesized MoSe,. It is
noteworthy that the appropriate analysis of the Tafel slope is
still incomplete because of the complexities of various reaction
steps involving the HER.”>”” Above all, MoSe,/rGO100_400
°C demonstrated promising HER properties in comparison to
other reported electrocatalysts as shown in Table S1.

Electrochemical impedance spectroscopic (EIS) measure-
ments were performed to determine charge-transfer resistance
(Ry) during the hydrogen evolution reaction. R, largely
corresponds to the HER kinetics at the electrode—electrolyte
interface at low frequencies.”*”” The Nyquist plots of the as-
synthesized and the annealed samples are presented in Figures
S10a and S10b, respectively. The plots exhibited two
semicircles and were fit with a two-time constant model, and
the equivalent circuit diagram is depicted in Figure S10c.
Although R was found to increase with the incremental rGO
content for the as-synthesized samples, a dramatic trans-
formation in the EIS performance was observed for the

step]; b =

[electrochemical desorption step]; b =

~ 30 mV; b = Tafel slope, T = absolute temperature,
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annealed catalysts. R, value in MoSe,/rGO100 changed from
~788 to 25 € in MoSe,/rGO100_ 400 °C, indicating faster
electron transfer process due to annealing. MoSe,/rGOS50_400
°C similarly demonstrated a reduced R value of 68 Q in
comparison to that of MoSe,/rGOSO (166 €). On the
contrary, annealing was found to be detrimental for as-
synthesized MoSe, as revealed with the higher value of R.
The values of the series resistance (R;), the charge transfer
resistance (R), and the HER current density observed at an
applied overpotential of 205 mV are shown in Table S2. The
relationship between the HER current density and the R,
values underscores that the synergistic effect between highly
conductive rGO and exposed sites of MoSe, in the hybrids
resulted in enhanced HER performance for both MoSe,/
rGOS0_400 °C and MoSe,/rGO100_400 °C. Highlights of the
HER activities are presented in the Table 1. Moreover, the
stability test for the as-synthesized MoSe,, MoSe,/
rGO100_400 °C, and Pt/C was carried out using the
chronoamperometric method (j—t) at an overpotential of 245
mV, and the corresponding j—t plot for continuous hydrogen
generation is shown in Figure 7. In comparison to Pt/C,
current density of MoSe,/rGO100_400 °C remained fairly
stable over 4000 s, which suggests that it was a viable HER
catalyst. The decay in the current density was likely due to the
blockage of the catalytic active sites by the accumulated
hydrogen bubble and the loss of some active sites associated
with the rotational electrode. An enlarged view of the stability
plot showed the alternate process of hydrogen bubble
accumulation and its release. The region between two
consecutive bubble releases emphasized the accumulation of
the molecular hydrogen on the electrode surface. A stability
plot generated at the same overpotential for as-synthesized
MoSe, is presented in Figure S11.

H CONCLUSION

In summary, we have demonstrated the synthesis of MoSe, and
its few layered hybrids with rGO using a simple one-pot
microwave process followed by annealing under an inert gas
flow. Annealing introduced crystallinity in MoSe, from its
partially crystalline form and improved the conductivity of its
rGO hybrids. The electrocatalytic activities revealed that the as-
synthesized samples required catalytic activation prior to the
evaluation of the HER performance. Although annealing of
partially crystalline MoSe, adversely impacted the catalytic
activity, the annealed hybrids of MoSe, with rGO outperformed
their as-synthesized counterparts and MoSe,. The enhanced
HER activity is due to the synergistic effect between highly
conductive rGO and catalytically active MoSe,. Apart from
good stability, the best electrocatalytic performance demon-
strated by the hybrid was an overpotential of 186 mV at —10
mA/cm? and a smaller Tafel slope of 61 mV/dec Therefore,
this study would be beneficial to develop and realize the
potential of other noble metal-free electrode materials
applicable to the energy storage and conversion.
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as-synthesized samples after catalytic activation using
linear sweep voltammetry and annealed samples; change
in the electrocatalytic HER activity as a result of
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MoSe,_ 400 °C, MoSe,/rGOS0 vs MoSe,/rGOS0_400
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transfer resistance, and corresponding current density; j—
t plot for the as-synthesized MoSe, (PDF)
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